Sleep disturbance is common among shift workers, and may be an important factor in the effect of shift work on chronic disease development. In this cross-sectional study, we described sleep patterns of 294 female hospital workers (142 alternating day-night shift workers, 152 day workers) and determined associations between shift work and sleep duration. Rest-activity cycles were recorded with the ActiGraph GT3X+ for 1 week. Analyses were stratified by chronotype of shift workers. Using all study days to calculate average sleep duration, shift workers slept approximately 13 min less than day workers during main sleep periods, while 24-h sleep duration did not differ between day workers and shift workers. Results from age-adjusted models demonstrated that all shift workers, regardless of chronotype, slept 20-30 min less than day workers on day shifts during main and total sleep. Early and intermediate chronotypes working night shifts slept between 114 and 125 min less than day workers, both with regard to the main sleep episode and 24-h sleep duration, while the difference was less pronounced among late chronotypes. When sleep duration on free days was compared between shift workers and day workers, only shift workers with late chronotypes slept less, by approximately 50 min, than day workers during main sleep. Results from this study demonstrate how an alternating day-night shift work schedule impacts sleep negatively among female hospital workers, and the importance of considering chronotype in sleep research among shift workers.
SUMMARY
Sleep disturbance is common among shift workers, and may be an important factor in the effect of shift work on chronic disease development. In this cross-sectional study, we described sleep patterns of 294 female hospital workers (142 alternating day-night shift workers, 152 day workers) and determined associations between shift work and sleep duration. Rest-activity cycles were recorded with the ActiGraph GT3X+ for 1 week. Analyses were stratified by chronotype of shift workers. Using all study days to calculate average sleep duration, shift workers slept approximately 13 min less than day workers during main sleep periods, while 24-h sleep duration did not differ between day workers and shift workers. Results from age-adjusted models demonstrated that all shift workers, regardless of chronotype, slept 20-30 min less than day workers on day shifts during main and total sleep. Early and intermediate chronotypes working night shifts slept between 114 and 125 min less than day workers, both with regard to the main sleep episode and 24-h sleep duration, while the difference was less pronounced among late chronotypes. When sleep duration on free days was compared between shift workers and day workers, only shift workers with late chronotypes slept less, by approximately 50 min, than day workers during main sleep. Results from this study demonstrate how an alternating day-night shift work schedule impacts sleep negatively among female hospital workers, and the importance of considering chronotype in sleep research among shift workers.
IN TROD UCTI ON
Approximately 12% of the Canadian labour force works regular or rotating night shifts (Peters et al., 2014) . For women, health care and social assistance occupations have the largest proportion of rotating and permanent night shift workers (Wong et al., 2011) . Shift work disrupts sleep quality and quantity (Akerstedt, 2003; Sallinen and Kecklund, 2010) which may contribute to increased chronic disease risk among shift workers, including cancer, cardiovascular disease, diabetes and the metabolic syndrome (Hansen et al., 2016; Knutsson and Bøggild, 2000; Schernhammer et al., 2001; Wang et al., 2014) . In order to understand a possible mechanism by which shift work affects chronic disease, it is first necessary to have a good description of sleep patterns of shift workers.
One of the most significant effects of shift work on sleep is its role in reducing sleep duration, where two reviews have concluded that early morning and night work limits sleep quantity (Akerstedt, 2003; Sallinen and Kecklund, 2010) . Sleep duration of shift workers may be modified by chronotype, i.e. an individual's preference towards morningness or eveningness. Previous research has shown that eveningtype shift workers have shortened sleep duration on morning shifts and long sleep on night shifts, while the opposite is true for morning types (Juda et al., 2013a) . The biological mechanism explaining shift work-related sleep disturbance can be largely attributed to work schedules that are in opposition to the normal circadian rhythm that promotes wakefulness during the day and sleep at night (Akerstedt, 2003) .
A limitation in research assessing the association between shift work and sleep is that sleep is often measured by selfreport methods, leading potentially to inaccurate and imprecise measurements (Girschik et al., 2012; Lockley et al., 1999) . Further, most studies characterize sleep patterns of only shift workers and are missing an appropriate comparison group.
Actigraphy is an objective alternative to self-report methods of measuring sleep. Actigraphs contain an accelerometer that records individual movement to monitor sleep-wake cycles in real time. Although studies that validate actigraphy against polysomnography (the gold standard in sleep measurement) have varying results depending on the actigraph device that is used, two studies that validated the specific wrist-worn actigraph device used in this study (ActiGraph GT3X+) demonstrated more than 80% accuracy and sensitivity, while specificity was approximately 45-60% (Cellini et al., 2013; Slater et al., 2015) .
The first objective of this paper is to describe various sleep parameters of shift workers and day workers in a large sample of female hospital employees. The second objective is to determine the association between shift work and one of these outcome parameters that is particularly important: sleep duration. To elucidate when sleep duration is most affected in a shift work schedule, we will explore the variability in sleep duration between shift workers and day workers across different types of shifts (days, nights, free days). Lastly, we will evaluate potential modification of shiftspecific sleep duration by chronotype of shift workers. We hypothesize that shift work will impact sleep parameters negatively, overall sleep duration of shift workers will be less than day workers and differences in sleep duration between day and shift workers will be more pronounced for early-type shift workers on night shifts and evening-type shift workers on day shifts.
METHODS
This cross-sectional study included 294 female hospital employees (142 shift workers, 152 day workers) at an acute care teaching hospital in Kingston, Ontario, Canada. Shift work was defined as an alternating day and night work schedule and was determined through self-report. The routine schedule among shift workers was two 12-h day shifts (07:00-19:00 hours), two 12-h night shifts (19:00-07:00 hours) and 4-5 days off, although we found this schedule was variable, as women often traded shifts. The dominant schedule for day workers was 5 days of 8-h shifts (~09:00-17:00), followed by 2 off days. Participation was voluntary and included staff from inpatient units, diagnostic and support services. All participants provided informed written consent and the study was approved by the Health Sciences Research Ethics Board at Queen's University.
Participants were recruited between September 2011 and February 2014, excluding the summer months (May-August), with a similar proportion of shift workers and day workers recruited each season. Data collection was 1 week in length. At enrolment, the study nurse measured weight and height to calculate body mass index (BMI). Participants completed a detailed questionnaire pertaining to sociodemographic characteristics, health history and behaviours and working patterns. Self-reported physical activity was measured with the Global Physical Activity Questionnaire (Armstrong and Bull, 2006) , life stress was measured with the Derogatis Stress Profile (Derogatis, 1987) , emotional health was measured with the Centre for Epidemiologic Studies Depression Scale Revised (Eaton et al., 2004) and occupational stress was measured with the Job Content Questionnaire (Karasek et al., 1998) . Chronotype was measured from midsleep time on free days with the Munich Chronotype Questionnaire (Roenneberg et al., 2003) .
Rest-activity cycles were recorded with the ActiGraph GT3X+; a small (4.6 9 3.3 9 1.5 cm), lightweight (19 g) device containing a tri-axial accelerometer. For 1 week, participants wore the ActiGraph GT3X+ on their nondominant wrist during sleep and on their hip while awake. Data were collected at a sampling rate of 30 Hz and aggregated to 1-min epochs representing activity counts min À1 .
Actigraph data were analysed with ActiLife (version 6.5.3) software, using the Cole-Kripke algorithm (Cole et al., 1992) . Using data from the vertical axis, data were scored in 1-min epochs as 'wake' or 'sleep' by measuring movement during each minute, as well as movement immediately prior to and after each epoch. In order for the algorithm to calculate sleep parameters, bed and wake-up times (reported in sleep logs) were inputted manually into the software program, and exact times were adjusted by a visual inspection of the data, looking for a change from relatively high to low activity.
Five sleep parameters were measured with actigraphy for main sleep periods, naps and total 24-h sleep (main sleep + nap). Sleep duration (frequently called total sleep time) refers to the number of 1-min epochs in a sleep episode scored as 'sleep', excluding any time scored as 'wake'. Time in bed refers to the number of minutes from bed to wake-up time, including both time spent asleep and awake. Wake after sleep onset is the duration of wake time in a sleep episode after sleep has been initiated. Awakening length is the average duration of wake periods in a sleep episode, while number of awakenings is the frequency of awakenings during a sleep episode. Sleep onset and offset times were also identified from actigraph data for main sleep and naps. Sleep episodes were identified as day shifts, night shifts and free days, depending on the impact of the work schedule on sleep. Sleep before a morning shift is affected by the upcoming work day and was coded as a day shift-associated sleep. Sleep after a night shift is influenced by the previous night of work and was thus coded as a night shift sleep period. Sleep before a day not at work was coded as a free day (Juda et al., 2013b) .
Sociodemographic, work and health characteristics were reported as means and standard deviations or frequencies ª 2017 European Sleep Research Society and percentages, and comparisons between shift workers and day workers were made using Wilcoxon rank-sum tests for continuous variables and Chi-squared or Fisher's tests for categorical variables.
Using the entire week of available data, daily means and standard deviations or medians and interquartile ranges were calculated for all sleep parameters. Average shift-specific sleep durations (day shifts, night shifts, free days) were calculated for main and total sleep among shift workers and day workers. In addition, shift workers were further stratified into tertiles reflecting relative early, intermediate and late chronotypes, and shift-specific sleep duration was calculated within chronotype groups. Chronotype [mean AE standard deviation (SD)] among early, intermediate and late shift workers was 2.5 AE 0.5, 3.5 AE 0.2 and 5.1 AE 0.9, respectively. Shift-specific sleep duration was not calculated for naps, as nap data were too scarce once separated by type of shift.
All sleep parameters were compared between shift workers and day workers using Wilcoxon rank-sum tests. Shiftspecific main and total sleep duration analyses compared shift workers (overall and stratified by chronotype) and day workers on: (1) day shifts; (2) free days; and (3) night shifts (shift workers) versus day shifts (day workers). To explore whether sleep duration of shift workers was different within day shifts, night shifts and free days by chronotype categories, one-way analysis of variance (ANOVA) and Tukey's post-hoc tests were also conducted. Lastly, multivariable linear regression analysis was used to assess associations between shift work and shift-specific sleep duration. Possible confounders considered in these analyses were age, menopause, number of children, marital status, education, caffeine use, sleep medication use, physical activity, smoking status, alcohol consumption, emotional health and stress. It was decided a priori that age would be included in all multivariable models, while empirical confounders were assessed using the change-in-estimate approach (Rothman et al., 2008) . All analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
Of the 330 women who participated in the overall study, 36 were excluded because they had fewer than 3 days of actigraph data, as 3 days is the recommended minimum length of actigraph monitoring to obtain valid estimates of sleep (Littner et al., 2003) . Among shift workers, at least 1 day of sleep data was required for each of a day shift, night shift and free day; among day workers, at least 1 day of data was required from a day shift and free day. Two additional shift workers and one additional day worker had missing nap times in their sleep logs and were excluded from the total sleep and nap analyses. Chronotype can be estimated only among people who awaken without an alarm on free days, so 42 shift workers were excluded from the chronotype-specific sleep analyses.
As a sensitivity analysis, the descriptive sleep analysis was repeated among nurses only, as nurses may have different occupationally related stressors (Sharma et al., 2014) that may impact sleep.
RESULTS
Shift and day workers differ by some sociodemographic, lifestyle and work characteristics (Table 1) . Shift workers are younger, have later chronotypes, fewer children, are more likely to have graduated university, are less likely to be married or in a common law relationship, are less likely to smoke and have lower life stress. Shift workers are also more likely to be nurses, have greater cumulative shift work history, more job security, less social support at work and greater psychological job demands.
A description of overall daily sleep patterns, in which all available study days were used to estimate sleep among shift and day workers, is displayed in Table 2 . Sleep onset of shift workers is earlier and more variable than day workers during main sleep periods, while main sleep offset is later. Nap onset is earlier for shift workers compared to day workers, while nap offset is similar. Shift workers sleep less and spend less time in bed during main sleep, but total sleep duration and time in bed are similar to day workers. Main sleep awakening length among shift workers is marginally longer than day workers. A greater proportion of shift workers are more likely to take ≥1 nap during the study period compared to day workers (75 versus 35%). Nap duration, time in bed, wake after sleep onset and awakening length are longer and awakening frequency is greater among shift than day workers (Table 2) .
Crude and adjusted shift-specific sleep duration analyses comparing shift workers (overall and stratified by chronotype) to day workers are presented in Table 3 . Using a change-inestimate approach, age (as a continuous variable) is the only confounder retained in adjusted models. When all shift workers (without stratifying by chronotype) are compared to day workers, shift-specific sleep duration comparisons are all statistically significant (P < 0.05). Main sleep duration of shift workers is shortest on night shifts (295 min) followed by day shifts (376 min) and is longest on free days (481 min). Main sleep duration of day workers during day shifts (404 min) is longer than shift workers on day shifts and night shifts, but sleep duration of day workers on free days (449 min) is shorter. Similar trends are apparent with total sleep duration, although sleep duration is longer. Results are similar in age-adjusted analyses.
When shift workers are stratified by chronotype (Table 3) , main and 24-h sleep duration of shift workers on day shifts is approximately 20-30 min less than day workers for all chronotype groups. In contrast, a chronotype effect is apparent on free days, where only shift workers with late chronotypes sleep significantly longer than day workers in main sleep periods. When total sleep on free days is explored, all shift workers sleep significantly longer than day workers, although the difference is still most pronounced among late chronotypes. All shift workers on night shifts sleep less than day workers on day shifts for main and total sleep, and the differences are most marked for early and intermediate chronotypes compared to late chronotypes.
When ANOVA and Tukey's post-hoc tests were used to explore the heterogeneity of sleep duration between early, ª 2017 European Sleep Research Society intermediate and late shift workers on day shifts, night shifts and free days, only late chronotypes on free days slept significantly longer (P < 0.05) than early and intermediate chronotypes on free days for both main and 24-h sleep (Table 3) .
The sensitivity analysis in which non-nurses were excluded from the descriptive tests suggests an overall similar pattern to the main analysis that included non-nurses (Table S1 ).
DI SCUSSION
In this study, we found that an alternating day-night shift work schedule influenced sleep patterns strongly among female hospital employees. Although we found that main sleep duration of shift workers was shorter than sleep duration among day workers when all study days were used to estimate sleep, total sleep duration was similar because of more frequent and longer naps among shift workers. Benefits of napping among shift workers include reductions in sleepiness and improvements in alertness and performance at work (Harma et al., 1989; Signal et al., 2009) . Despite these known benefits, napping is an indicator of night-time sleep disturbance and the influence of daytime napping on chronic disease development is not well understood. A number of prospective studies have associated napping with increased chronic disease incidence and all-cause mortality risk (Leng Mid-sleep time on free days measured by the Munich Chronotype Questionnaire (Roenneberg et al., 2003) . ‡ WHO guidelines (Armstrong and Bull, 2006) . § Derogatis Stress Profile (Derogatis, 1987) . ¶ Centre for Epidemiologic Studies Depression Scale Revised; possible range of scores is 0-60 (Eaton et al., 2004) . **Nutrition services, laboratory technician, radiation therapist, environmental services, ergonomist, education, research, total compensation association, abilities claim specialist, concurrent reviewer, child life specialist. † † Job Content Questionnaire; possible range of scores is 24-96 for decision latitude, 12-48 for psychological job demands, 3-12 for job insecurity, 8-32 for social support from supervisors and co-workers (Karasek et al., 1998) . Zhou et al., 2016) , although a causal association has not been established.
The differences in sleep duration between shift workers and day workers were most apparent when shift-specific sleep was compared, rather than average sleep collapsed across various types of shifts; a finding consistent with a previous meta-analysis (Pilcher et al., 2000) . Past work by our research group found that sleep duration, measured by the Pittsburg Sleep Quality Index (PSQI) (Buysse et al., 1989) , was not different between shift and day workers (Lajoie et al., 2015) . The PSQI estimates average nightly sleep duration in the past 30 days, without attention to shiftspecific sleep. This highlights the importance of measuring sleep particular to each shift, as questionnaires such as the PSQI cannot capture variability in sleep that occurs within a shift schedule.
Our results showing longer sleep duration on free days among shift workers is in agreement with other work (Knauth et al., 1980; Paech et al., 2010) . Extended sleep duration on free days indicates that shift workers probably offset sleep loss that may have occurred during the working week. However, when shift workers were stratified by chronotype, only shift workers in the latest chronotype category slept longer than day workers during main sleep on free days, suggesting that evening-type shift workers are more likely to extend their main sleep period on free days compared to early and intermediate chronotypes. The difference in sleep duration between day workers on day shifts and evening-type shift workers on night shifts was less than that of shift workers with early and intermediate chronotypes, supporting previous evidence that evening-type shift workers may sleep better than early/intermediate chronotypes on night shifts (Juda et al., 2013a) . In addition, our findings that all shift workers on day shifts, regardless of chronotype, slept a similar amount less than day workers on day shifts supports other research in which sleep duration of shift workers on day shifts was independent of chronotype (Fischer et al., 2016) . This previous study suggested that the null results may be due to the relatively low variability in chronotype in their sample, but this finding persisted in our study, where chronotype variability was greater. This relationship should be explored further in different populations because it contrasts other results in which early-type shift workers slept longer than evening types on day shifts (Juda et al., 2013a) .
Although shift workers tend to compensate for sleep loss with recovery sleep on free days, a repeated pattern of workrelated sleep restriction might have implications for chronic disease development. A review concluded that short-term sleep restriction affects a number of physiological conditions negatively, including reduced glucose tolerance, increased blood pressure, increased inflammatory markers, elevated blood pressure and changes in appetite-regulating hormones (Alvarez and Ayas, 2004 ). While we demonstrated an effect of shift work on work-related sleep duration, the 12-h shift system in this study may be less detrimental to sleep and overall health than other shift systems, as suggested by a study where self-reported work-life balance, general health and sleep were rated higher among employees working a fast 12-h (DDNN-) rotation than those working 8-h fast (MMEENN-) and 8-h slow (MMMM-EEEE-NNNN) schedules (Karhula et al., 2016) .
Important strengths of this study are the objective measurement of sleep and the large sample size in relation to other occupational health studies that use actigraphy to monitor sleep. This study is also unique in that it includes a group of strictly day workers as a comparison group. As well, Different from day workers using Wilcoxon rank-sum tests (P < 0.05).
ª 2017 European Sleep Research Society potential differences in job characteristics, such as psychological job stress, were considered in the analysis. This study has some limitations. First, we did not have information on current comorbidities that might impact sleep, so were unable to account for these. Secondly, our measurement of chronotype was imperfect because, at the time the study took place, the Munich Chronotype Questionnaire (MCTQ) for Shift-Workers (Juda et al., 2013b) had not yet been published, so the original MCTQ (Roenneberg et al., 2003) was used for both day and shift workers. Both questionnaires calculate chronotype by mid-sleep time on free days, but using the original MCTQ limited our ability to make the proper correction for sleep debt accumulated during the working week among shift workers. Despite having enough information to apply this correction to day workers, correcting only one of our comparison groups for sleep debt would lead to differential misclassification. Consequently, chronotype was estimated with an uncorrected mid-sleep time for both shift and day workers.
This study may also include some non-differential misclassification of sleep, because actigraphy is not the gold standard in sleep measurement. Another limitation is that shift-specific sleep duration was calculated from fewer days of data so is less reliable than estimates of sleep using the entire week of data. Lastly, this study is limited in that it did not explore the effect of shift work on two additional sleep parameters calculated from the Cole-Kripke algorithm (Cole et al., 1992) : sleep latency (time it takes to fall asleep) and sleep efficiency (proportion of time in bed that is spent sleeping). We found that sleep latency was underestimated systematically due to the way sleep start times were edited as a shift from high to low activity. As sleep latency is used to calculate sleep efficiency, sleep efficiency was overestimated and very homogeneous between shift work exposure groups.
In conclusion, this study demonstrated that an alternating day-night work schedule impacts sleep in female hospital employees. Chronotype of shift workers may modify this association, such that evening types tend to sleep longer on free days and on night shifts. Future studies should continue to explore the influence of shift work on objectively measured sleep patterns while considering the role of chronotype, with 
